This study presents a new microscopic method for the measurements of the deformation of liquid surfaces induced by a localized direct current (dc) electric field in a noncontact manner. Since the dielectric constant of aqueous and organic liquids is larger than that of air, the liquids tend to occupy a space with a stronger electric field. The horizontal level of transparent surfaces was measured with a constructed microscopic system that possessed a resolution of about 2 μm. When a rod electrode (2.0 mm in radius) was brought near to a liquid surface vertically within 150 -200 μm and a dc voltage (50 -75 V) was applied, the surface just under the electrode rose by 4 -19 μm. The deformation of the liquid surfaces was quantitatively analyzed by using a dielectric force, surface tension, and hydrostatic pressure.
Introduction
Gas/liquid or liquid/liquid interfaces are a plane of discontinuity in the physical properties of liquids. Recently, they are vigorously investigated, because they show specific functions in environmental science, colloidal chemistry, biochemistry, or solvent extraction chemistry. [1] [2] [3] The interfaces are, however, easy to deform and can not be fixed spatially, so stable measurements of the interfaces are usually difficult.
The deformation of gas/liquid or liquid/liquid interfaces has a deep relation to the properties of liquids, such as interfacial tension or viscosity. 4 It is known that there is a ripplon wave (physical transverse wave) at the interfaces caused by their interfacial tensions without external perturbation. 5 When an external force works on the interfaces artificially, they are deformed. Of course, a mechanical force disturbs the interfaces. In recent years, a radiation pressure of laser light 4, 6, 7 or an electric field 8 was applied to picking up a small region of gas/liquid or liquid/liquid interfaces. In these studies, the deformation of interfaces was detected by probe light. Since these studies were carried out macroscopically and the deformation occurred in a small region, the deformation profile could not be detected.
It is known that an inhomogeneous electric field produces a dielectric force, 9 and this force is frequently applied to a phoresis of microparticles. [10] [11] [12] The dielectric force can be used for the deformation of the interfaces, because the force can work on the dielectric substances in a medium of another dielectric constant.
The present study proposes a new microscopic method for the measurements of the deformations of gas/liquid interface (liquid surface) induced by a localized direct current electric field as well as the quantitative analysis of the deformation. This study employs an in situ optical microscope, and therefore microscopic observations can also be done for interfacial reactions and phenomena at the same time. There are several difficulties in microscopic measurements. One of the serious problems is a difficulty in focusing an objective just on the transparent interfaces, but this problem has been resolved by a reflection method using probe light. 13 Also, we have constructed various systems and tools for microscopic observations and measurements on liquid/liquid interfaces.
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Experimental
Chemicals
Water (dielectric constant (ε1), 80ε0 (20˚C); surface tension (g ), 73 mN m −1 (20˚C); density (d1), 0.99 g cm −3 (20˚C)), Nmethylformamide (ε1 = 182ε0 (25˚C), g = 38 mN m −1 (30˚C), d1 = 0.99 g cm −3 (25˚C)) and dimethyl sulfoxide (DMSO; ε1 = 49ε0 (20˚C), g = 43 mN m −1 (25˚C), d1 = 1.09 g cm −3 (25˚C)) 18 were used as sample solvents, where ε0 was the dielectric constant of vacuum. Water was purified with a Milli-Q system (Milli-Q Sp. Toc., Millipore).
N-Methylformamide and DMSO were purchased from Kanto Chemical and Tokyo Chemical Industry, respectively, and were used without further purification. Sodium dodecylsulfate (SDS) was obtained from Merck. Aqueous solutions of SDS were prepared in a concentration range of 1.0 × 10 −4 -1.0 × 10 −2 mol dm −3 .
Procedure
For the measurements, a microcell shown in Fig. 1 was fabricated. A bored glass plate (1 mm in thickness, 7 mm in diameter) was stuck onto a thin glass plate (1 mm in thickness) coated with a conductive and transparent ITO film (indium tin oxide; surface resistivity 25 Ω) using an epoxy adhesive. The depression of the microcell was filled with a sample liquid, and then the microcell was placed on the microscopic stage of an inverted microscope (IX-51, Olympus). The microcell was moved horizontally by a micromover (U-FMP, Olympus) on the stage. On the same stage, a three-dimensional micromanipulator (NMN-21, Narishige) was also placed, to which several homemade stainless-steel rods were set as shown in Fig. 2 . The radii of their bottom tips (re) were in the range of 0.085 -2.0 mm. The resolution of the micromanipulator was 1 μm. The rod was brought near to the surface with the micromanipulator, and the initial distance between the rod tip and the surface was set at 150 -200 μm. A direct current (dc) voltage (from −75 to +75 V) was applied to the two electrodes, the rod and the ITO film, as shown in Fig. 1(a) . The dc voltage was supplied with a function generator (WF-1943A, NF Corp.) and an amplifier (HAS-4101, NF Corp.). All the experiments were carried out at 18 ± 3˚C.
We already proposed a simple microscopic method that enables one to focus a microscopic objective on transparent surfaces or interfaces. 13 The present study employed the method, the system of which is schematically shown in Fig. 3 . To the inverted microscope, an objective (UPlanFl, Olympus, 10×, numerical aperture (NA) 0.30), a half-mirror, an optical fiber (400 μm in diameter), a CCD camera (WAT-100, Watec) and a monitor were set. One exit of the optical fiber was placed at a conjugate image plane of the specimen of the microscope. From the other exit, white light from a conventional light emitting diode was introduced.
The surface tension (g) of each SDS solution was measured by the drop weight method; 19, 20 the apparatus consisted of a glass tube, whose outer radius (rg) was 3.2 mm, and a syringe pump (Model 11, Harvard). The glass tube and the syringe pump were connected with a silicon tube. From the tip of the glass tube, a droplet of a SDS solution was hung and the solution was slowly pumped. The droplet gradually enlarged and finally dropped.
The weight of the dropped droplet (m) was measured, and g was obtained with g = mgf/(2prg), where g is the gravitational acceleration and f is a correction factor. 20 
Results and Discussion
Spatial resolution of the microscopic system
When a transparent liquid surface was in focus, a focused image of the fiber exit appeared, as shown in Fig. 4 (a). The image was formed by the light reflected at the surface. The diameter of the fiber exit and the magnification of the objective were 400 μm and 10×, respectively, and thus an image of the fiber exit of 40 μm (= 400 μm/10) in diameter was observed on the surface. When the surface was out of focus, the image was blurred, as shown in Fig. 4(b) . The sharpness of the image displayed on the monitor was examined by eye, and the image was focused with a microscopic handle, which moved the objective mechanically with a resolution of 1 μm. By this procedure, the levels of the surface and the rod tip were determined. The resolution of the present method was found to be about 2 μm.
The focal depth (df) is expressed with df = λ/(2NA 2 ), where λ is the wavelength of the observed light. With 500 nm light, df was estimated to be 2.8 μm, which approximately agreed with the obtained resolution.
Deformation profile of liquid surfaces
The objective can be moved only vertically. Therefore, for the purpose of measuring the deformation profile of the liquid surfaces as a function of a horizontal distance, one must move the microcell and the rod horizontally. This was accomplished by the micromover and the micromanipulator, and the center of the depression circle of the microcell was always adjusted to that of the rod. Figure 5 shows instances of displacement as a function of the radial distance from the rod center (r). The positive and negative values of the displacement mean a rising and a sinking, respectively. The surface level just under the rod electrode rose by 9 -19 μm and its appearance was almost flat. Near the rod edge (at r = 2 mm), the level fell down sharply. Beyond the rod, the level sank. At the depression edge (at r = 3.5 mm), the level agreed with the initial one, because the microcell wall was wetted well with the liquids. In the case of N-methylformamide surface, the liquid volume above and below the initial surface level were estimated to be 2.6 × 10 −10 and 2.8 × 10 −10 m 3 , respectively. They were in agreement with each other. This fact means that the sinking is explained by the principle of mass balance. In the case of water surface, the displacement at r = 0 mm was 9 μm, and that for the Nmethylformamide surface was 19 μm. The overall appearance of the deformed liquid was like a frustum of a cone.
The surface rose higher when the rod was brought nearer to the surface. When the initial distance between the rod and the surface was too short, the liquid touched the electrode and an undesirable electrolysis occurred. Therefore, the minimum distance was set at 150 μm.
When a negative voltage (−75 V) was applied to the rod electrode instead of a positive voltage (+75 V), the same displacement was observed as Fig. 5 . This fact implies that the rising is caused not by the electric force but by the dielectric force.
Analysis of displacement of liquid surface
Sakai et al. applied an alternating current (ac) electric field to liquid surfaces and analyzed dynamic deformations by complicated equations with dielectric constants, surface tensions, and viscosities. 8 In the present study, simpler relations are valid because a dc electric field is applied and thus the deformation is static.
Dielectric substances tend to occupy a space where an electric field is intense because the overall energy is minimized. [9] [10] [11] Therefore, dielectric substances gather around an electrode to which a voltage is applied.
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The dielectric constant of common liquids is larger than that of air, 18 and thus the liquid surfaces under the rod electrode rise in the present study.
First, the upward force that takes up the surfaces is considered. For this, the electrostatic energy (Ues) is evaluated, and then the vector dielectric force (Fde) is obtained by Fde = −grad Ues. The pair of the rod electrode and the ITO film can form a condenser. The area of the rod tip is smaller than that of the ITO film, but the deformation profile shown in Fig. 5 indicates that only the area of the rod tip should be considered. An electrostatic energy of a condenser is expressed as: Ues = −1/2CtV 2 , where Ct is the total capacitance and V is a dc voltage. 9 The overall condenser is like two condensers in series: one is filled with air and the other with liquid, as shown in Fig. 6 . Thus,
where Ca and Cl are the capacitance of the condensers filled with air and liquid, respectively. The Ca and Cl are expressed with: Fig. 4 Focusing on the transparent water surface. The bright spots were the images of the fiber exit, which were formed with the probe light reflected at the water surface. The surface was (a) in focus and (b) out of focus (at 10 μm below the surface). 
Since εl > εa, Fde,z is positive, that is, an upward force. Fde,z increases with an increase in εl and with a decrease in d. The downward force (Fdown) is caused by the surface tension (Fs) and the hydrostatic pressure (Fh). The surface energy (Us) is expressed as: Us = g S, where S is the surface area. Thus, Fs in the z-direction (Fs,z) is equal to −g dS dz . By assuming that the shape of the deformation is a frustum of a cone, the surface area after the deformation can be written as:
where the definition of angle θ and z′ is shown in Fig. 6 , and S0 is a fixed area that is not changed by the deformation. The relationship between z and z′ is expressed as:
where z0 is the initial thickness of liquid, A the depression area of the microcell (= 3.9 mm 2 ). This equation is derived from the principle of the mass balance as mentioned above. On the other hand, Fh in the z-direction (Fh,z) is simply written as: −dlgΔV, where dl is the liquid density and ΔV the volume of the frustum of cone. As the result, the downward force (Fdown) is expressed as:
Since both Fs,z and Fh,z are negative, they are downward forces. The liquid surface can rise up to the level where Fde,z + Fs,z + Fh,z = 0. Table 1 shows the results of displacement and angle for three liquid surfaces; it also contains the estimated forces. The displacement increased with the increase in V, which was caused by the dependence of Fde,z on V 2 . Naturally, the angle θ increased with the increase in the displacement. The upward force (Fde,z) was almost in agreement with the downward force, indicating that the proposed principle and calculation were valid. The forces were in a range of 1 -19 μN. Fs,z was considerably larger than Fh,z, meaning that the majority of the downward force was caused by the surface tension.
The dielectric force (Fde,z) and displacement of the Nmethylformamide surface were larger than those of the DMSO surface. The surface of a liquid with a larger dielectric constant rises higher when the surface tensions are close. On the other hand, εl of water is larger than that of DMSO, but the displacement of water surface was smaller than that of DMSO surface. This is caused by the larger surface tension of water.
Dependence of displacement on the radius of the rod electrode
With several rod electrodes shown in Fig. 2 , the surface displacement at the rod center (at r = 0) was measured for the three solvents. Figure 7 shows the obtained results; the displacement increased with the increase in re for all of the surfaces. With the electrode of re = 0.085 mm, no rising was observed. This fact can be explained as follows. The upward force (Fde,z) is proportional to re 2 as shown in Eq. (3), whereas Fs,z, the majority of the downward force (Fdown), depends on re almost linearly as shown in Eq. (6) .
It is generally known that a stronger localized electric field is formed at a sharp tip of an electrode. 9, 10 In the present case, a stronger electric field should be formed at the tip of the electrode of Fig. 2(a) , but the electrodes of smaller re were less effective in the deformation of the liquid surface by a localized electric field.
Estimation of surface tension of SDS solution
Since SDS is a surfactant, the surface tension of each SDS solution decreases with an increase in its concentration, as shown in Fig. 8 . The g values measured by the drop weight method were well fitted to a conventional Szyszkowski equation expressed by: 19, 21 
where g0 and g are the surface tension of water and SDS solutions at the concentration CSDS, respectively, R the gas constant, T absolute temperature, K the adsorption constant (= Γ/CSDS at CSDS → 0, where Γ is the surface concentration of SDS), and Γsat the saturated surface concentration of SDS. n is 2 when the aqueous solutions include only SDS. 22 K and Γsat were determined to be 6.2 × 10 −6 m and 2.2 × 10 −6 mol m −2 , respectively, by the least-squares method.
The displacement profile for the surface of the SDS solutions is shown in Fig. 9 . Their shapes are similar to those in Fig. 5 . In comparison with the water surface, the surface of the SDS solution at the higher concentration rose higher. The dielectric constant and density of the SDS solutions are almost equal to those of water, because the SDS concentration is low. The g values obtained with Eqs. (3) and (6) agree well with those measured by the drop weight method, as shown in Fig. 8 , which implies that the present method is applicable to the estimation of surface tension of liquids.
The method proposed in the present study is a novel noncontact analytical technique that can measure deformation of surfaces and can observe microscopic surface phenomena at the same time; these are not possible by the method in Ref. 8 or by the drop weight method. We already found inhomogeneous reactions and phenomena at interfaces, which were observable only by in situ optical microscopy, 14, 15, 17 and therefore microscopic imaging tools are necessary for measurements for surface or interface of solutions. Also, this method needs only 40 mm 3 of a liquid sample, and thus is effective in the measurement of precious samples, such as deuterated liquids or solutions of synthesized solutes.
Conclusions
The deformation of liquid surfaces by a localized electric field was measured by using a constructed microscopic system with a resolution of about 2 μm. The dielectric force took up the liquid surface, whereas the forces by surface tension and hydrostatic pressure reduced the rising. The present method enables one to estimate dielectric constants or surface tensions of liquids and solutions and to do in situ microscopic observations. In future, we will develop a measurement system of high resolution using microscope and laser light as well as a microcell including non-fluctuated surfaces or interfaces, and will detect smaller deformations of surfaces or interfaces.
